Metal restriction imposed by mammalian hosts during an infection is a common mechanism of defence to reduce or avoid the pathogen infection. Metals are essential for organism survival due to its involvement in several biological processes. Aspergillus fumigatus causes invasive aspergillosis, a disease that typically manifests in immunocompromised patients. A. fumigatus PpzA, the catalytic subunit of protein phosphatase Z (PPZ), has been recently identified as associated with iron assimilation. A. fumigatus has 2 high-affinity mechanisms of iron acquisition during infection: reductive iron assimilation and siderophore-mediated iron uptake. It has been shown that siderophore production is important for A. fumigatus virulence, differently to the reductive iron uptake system. Transcriptomic and proteomic comparisons between ppzA and wild-type strains under iron starvation showed that PpzA has a broad influence on genes involved in secondary metabolism. Liquid chromatography-mass spectrometry under standard and iron starvation conditions confirmed that the ΔppzA mutant had reduced production of pyripyropene A, fumagillin, fumiquinazoline A, triacetyl-fusarinine C, and helvolic acid. The ΔppzA was shown to be avirulent in a neutropenic murine model of invasive pulmonary aspergillosis. PpzA plays an important role at the interface between iron starvation, regulation of SM production, and pathogenicity in A. fumigatus.
barriers (Hohl & Feldmesser, 2007) . IA incidence has increased alongside medical practices such as immunosuppression in transplant patients and aggressive anticancer chemotherapy, which predisposes patients to IA.
Mortality attributed to IA infections caused by Aspergillus species range from 60% to 90%, depending on the type of infectious event (Brakhage, 2005; Tekaia & Latge, 2005) . Some biological processes are known to be important for the infection, such as the following: the composition of the cell wall, hypoxia tolerance, gliotoxin production, thermophily, and iron assimilation (Dagenais & Keller, 2009 ). Furthermore, A. fumigatus can generate hundreds of secondary metabolites (SMs) that are bioactive small molecules. Commonly, the genes involved in SM production are clustered and subjected to common regulatory patterns (Brakhage, 2013; Frisvad, Rank, Nielsen, & Larsen, 2009; Hoffmeister & Keller, 2007; Macheleidt et al., 2016) . It has been related that some of these SMs are involved and contribute to fungal virulence (Bok et al., 2006; Heinekamp et al., 2012; Yin et al., 2013) .
Aspergillus fumigatus PpzA, the catalytic subunit of protein phosphatase Z (PPZ), has been recently identified as associated with iron assimilation (Winkelströter et al., 2015) . Null ppzA mutants have reduced biomass accumulation upon iron starvation conditions (Winkelströter et al., 2015) . The gene ppzA is regulated by the Skn7 transcription factor, and it is involved in corneal infection by A. fumigatus (Muszkieta et al., 2014) . Iron functions as an important cofactor in many cellular processes and is an essential nutrient. Iron binds to several proteins involved in essential cellular processes, such as gene regulation; the tricarboxylic acid cycle; respiration; and amino acid, deoxyribonucleotide, and lipid biosynthesis (Cairo, Bernuzzi, & Recalcati, 2006) . Moreover, it is also known that the control of the iron access is crucial for the success of microbial infection in mammalian host and iron deficiency is important for regulation of virulence in other microorganisms (Litwin & Calderwood, 1993; OglesbySherrouse, Djapgne, Nguyen, Vasil, & Vasil, 2014; Weinberg, 2009) .
Aspergillus fumigatus has two high-affinity mechanisms of iron acquisition during infection: reductive iron assimilation (RIA) and siderophore-mediated iron uptake (Schrettl & Haas, 2011; Schrettl et al., 2004) . Siderophores are nonribosomal peptide and iron-specific chelators (Haas, 2003) . Two of them, fusarinine C and triacetylfusarinine C, are secreted to capture extracellular iron. Their ferriforms are imported by siderophore-iron transporters and hydrolysed intracellularly releasing the imported iron. The presence of intracellular siderophores is a particular feature of fungi (Schrettl & Haas, 2011) . A. fumigatus has two intracellular siderophores: conidial hydroxyferricrocin and hyphal ferricrocin. These intracellular siderophores are responsible for distribution and storage of iron (Oberegger, Schoeser, Zadra, Abt, & Haas, 2001; Schrettl et al., 2007; Wallner et al., 2009) . RIA is performed by plasma membrane-localised ferrireductase associated to iron permease and oxidase. This process starts with reduction of iron, then the ferrous iron obtained is re-oxidised and taken up by a protein complex comprising iron permease FtrA and ferroxidase FetC (Kosman, 2013) . It has been shown that siderophore production is significant for A. fumigatus virulence, differently to the reductive iron uptake system (Eisendle, Oberegger, Zadra Additionally, homeostasis of cellular iron is closely regulated to ensure the balance among uptake, storage, and consumption of iron and avoid toxic iron excess, because iron presents a dual role in organismal physiology. In fungi, homeostasis of metal ions is maintained mainly through transcriptional regulation of gene expression. A group of transcription factors of the GATA type, which are iron responsive, mediates gene repression for the acquisition of this micronutrient when it is available in sufficient concentrations (Rutherford & Bird, 2004) . These factors have already been described in Cryptococcus neoformans (Cir1, also acting as an activator of genes involved in siderophore uptake), Histoplasma capsulatum (Sre1), Blastomyces dermatitidis (SreB), Candida albicans (Sfu1), and A. fumigatus (SreA; Gauthier et al., 2010; Jung & Kronstad, 2008; Lan, Rodarte, Murillo, et al., 2004; Schrettl, Kim, Eisendle, et al., 2008) . However, the response to low iron concentrations is mediated by a bZIP-type regulator (Hortschansky et al., 2007) . In A. fumigatus, HapX suppresses pathways that depend on iron, such as respiration, haem biosynthesis, and the tricarboxylic acid cycle, during the absence of this nutrient, whereas siderophore-mediated iron uptake is induced. Thus, GATA and bZIP-type regulators act in opposite ways depending on iron availability in the environment. However, HapX is also pivotal for iron resistance because it activated vacuolar iron storage (Gsaller et al., 2014) .
Furthermore, HapX is involved in fungal virulence in A. fumigatus and Fusarium oxysporum, corroborating the important role of siderophores production for the establishment of full virulence (Schrettl et al., 2010) .
Considering the significance of iron metabolism in the fungus, together with the putative iron assimilation role of the protein phosphatase PpzA, we aimed to characterise the importance of PpzA in irondependent regulation in A. fumigatus. To gain a comprehensive insight into the pathways that are modulated by this phosphatase, we performed transcriptomic and proteomic analyses comparing the corresponding wild-type strain with the ppzA mutant under iron replete and starvation conditions. In addition to genes encoding transporters, oxidoreductases, and transcription factors, enzymes that participate in the biosynthesis of SMs, such as neosartoricin/fumicycline, gliotoxin, endocrocin, and fumagillin, were differentially expressed in the mutant strain. Furthermore, siderophore biosynthetic machinery components, enzymes involved in SM production, and the alternative oxidase (AoxA), which is transcriptionally induced in response to oxidative stress, were increased at translational level in ΔppzA under iron starvation. Finally, ΔppzA was avirulent in a low-dose murine infection model. on the basis of our data, we propose that PpzA plays an important role in posttranslational alterations involved in the iron-dependent secondary metabolism network.
| RESULTS

| Transcriptome analysis comparing the wild type and ΔppzA under iron starvation
As previously shown (Winkelströter et al., 2015) , A. fumigatus ΔppzA has comparable growth to the wild-type and complementing strains in minimal media (MM, Figure 1a ,b); however, it has reduced growth when grown in iron starvation conditions (Figure 1b) . The iron chelating agents used here, BPS [200 μM, bathophenanthrolinedisulfonic acid (4,7-diphenyl-1,10 phenanthrolinedisulfonic acid)] and ferrozine [300 μM, 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine], have been extensively used for iron assimilation studies in A. fumigatus (Schrettl & Haas, 2011; Schrettl et al., 2004) . The growth length and emergence of the germlings and the number of nuclei/germlings are not statistically different among the wild-type, ΔppzA, and ΔppzA::ppzA + strains (Figure 1c and S1, data not shown). To describe how A. fumigatus wild-type strain responds and adapts to iron starvation, we evaluated the genome-wide transcriptional profile by RNA-seq.
We defined differentially expressed genes as those with a minimum of twofold change in gene expression (controlling at an false discovery rate (FDR) of 0.05) when compared to the unstressed equivalent of the same strain (control, 0 min; Tables S1 and S2). After 1 hr of iron starvation, 1,264 and 1,390 genes were upregulated and downregulated in the wild-type strain, respectively. Moreover, 1,011 and 1,035 genes were upregulated and downregulated in the wild-type strain, respectively, after 2 hr of iron starvation. The results are summarised in detail in Table S1 . Gene Ontology (GO) enrichment analyses of the differentially expressed genes in the wild type showed a transcriptional upregulation of nucleotide metabolic process, transcription from RNA polymerase I promoter, and ribosome biogenesis ( Table 1) . As expected, the bZip-factor HapX and genes related to siderophore biosynthesis and reductive iron uptake were found to be upregulated after iron starvation. Genes identified in these categories encode sidI, sidF, sidD, sidH, sidG, sidA, sidC, and the metalloreductase-encoding gene fre2, the putative ferric chelate reductase-encoding gene fre7, and the putative high-affinity iron permease frtA (Tables S1 and S2 ). Some of the downregulated genes identified are involved in oxidation-reduction processes, mitochondrial electron transport, and response to oxidative and osmotic stress (Table 1) . Furthermore, some important genes involved in SM production were also found to be differentially expressed. Among them, a polyketide synthase (PKS) encoded in the neosartoricin/fumicycline SM gene cluster, a brevianamide F prenyltransferase involved in the biosynthesis of fumitremorgins, a oxidoreductase involved in endocrocin biosynthesis, and the nonribosomal peptide synthetase (NRPS) genes pesG, pesB, and ftmA were upregulated in the wild type after iron starvation. Interestingly, a flavin-dependent monooxygenase and the pathway-specific Zn(II) 2 Cys 6 transcriptional factor, encoded within the neosartoricin/fumicycline SM gene cluster, as well as an NRPS required for pseurotin A production were significantly downregulated (Tables S1 and S2 ).
Because previous results revealed that ppzA showed a reduced growth in iron starvation conditions (Winkelströter et al., 2015) , RNA-sequencing was used to identify targets modulated directly or indirectly by PpzA. We did a global analysis of genes that are regulated by PpzA under iron starvation and compared it with the previous analysis in the wild-type strain. Once more, we defined the differentially expressed genes as those with a minimum of twofold change in gene expression (controlling at an FDR of 0.05) when comparing the mutant to the wild-type strain. In ppzA, 80 and 17 genes were upregulated and downregulated after 1 hr of iron starvation, respectively, compared to the wild type (Figure 2a) . After 2 hr of starvation, compared to the wild type, 73 and 55 genes were upregulated and downregulated, respectively ( Figure 2a) . A common group of 30 and 2 genes upregulated and downregulated, respectively, were identified between the two comparisons ( Figure 2a ). Enrichment analysis of the differentially expressed genes in ppzA showed both upregulation and downregulation of biological categories such as transcription factor, secondary metabolism, transporters, and oxidoreductase activity (Figure 2b-e   and Tables S3 and S4 ). The ΔppzA showed a transcriptional upregulation of genes involved in transporter activity, such as MFS gliotoxin (AFUB_035520/Afu3g13670). Additionally, a downregulation of the low affinity iron transporter (AFUB_071880/Afu4g14640) was also observed. Although the PpzA phosphatase seems to be involved in iron assimilation, we did not identify differences in the expression of genes related to RIA and siderophore-mediated iron uptake (Tables S3 and   S4 ). Interestingly, there was a downregulation of the protein phosphatase ptcG, which was also previously identified as a phosphatase involved in iron metabolism (Table S4 ; Winkelströter et al., 2015) .
Some important genes involved in biosynthetic processes of SMs were also found to be differentially regulated. Among them, four genes belong the neosartoricin/fumicycline cluster, a cytochrome P450 monooxygenase, encoded in the putative gliotoxin biosynthetic gene cluster, and a PKS, encoded in the fma (fumagillin) SM gene cluster were upregulated in the ppzA mutant. Furthermore, genes encoding an enzyme involved in the biosynthesis of fumitremorgins and the PKS PksP were downregulated in the ppzA strain (Table S3) . Therefore, this analysis of the transcriptome implies that PpzA has a broad influence on genes involved in secondary metabolism.
Previously, we have observed reduced mRNA accumulation of sidA and hapX in the ΔppzA mutant when compared to the wild-type strain by using RT-qPCR experiments (Winkelströter et al., 2015) . We have used as normalizer for this set of qRT-PCR experiments (Table S5) . Figure S2 ). Overall, the assignment of expression pattern to chromo- (Tables S6 and S7) .
Upon iron starvation, in ΔppzA, there was an abundance reduction of proteins related to protein synthesis, DNA metabolism, and histones (Table 2) . Some of the reduced abundance proteins identified are involved in oxidative, heat stress, and hypoxia, for example, the carbonic anhydrase Nce103 and AIF-like mitochondrial oxidoreductase
The expression of (a) hapX, (b) sidA, (c) ftmPT1, and (d) nscB, as determined by qRT-PCR during iron starvation. The wild-type and ΔppzA mutant strains were grown for 16 hr at 37°C and transferred to iron starvation conditions for 1 and 2 hr, respectively. All gene expressions were normalised by the amount of AFUB_002930/Afu1g02550 (encoding a tubulin alpha-1 subunit). Standard deviations present the average of three independent biological repetitions (each with two technical repetitions). Statistical analysis was performed using a one-way analysis of variance test with post hoc test Dunnett when compared to the control condition (*p < .05) Note. For the full list, refer to Table S3 . ND = no difference.
Finally, comparison of RNAseq and proteomics data shows few (11) targets modulated at the two levels (Afu2g17500/AFUB_084820, Afu8g00370/AFUB_018370, Afu1g17200/AFUB_016590, Afu3g03400/ AFUB_044850, Afu5g01690/AFUB_050220, Afu2g02630/AFUB_ 019730, Afu1g02820/AFUB_003200, Afu1g17250/AFUB_057130, Afu1g04450/AFUB_004790, Afu3g14940/AFUB_034300, and Afu2g00500/AFUB_017560). From these, three (Afu1g17200, Afu3g03400, and Afu1g04450) were only differentially regulated in the RNAseq experiments in both the wild-type and ΔppzA mutant strains upon iron starvation. These genes encode sidC, sidL, and sidF, respectively, important for siderophore biosynthesis. In contrast, two genes with unknown functions (Afu5g01690 and Afu2g02630) were only differentially expressed in the RNAseq experiment in the ΔppzA mutant but not in the wild-type strain. Finally, the remaining six genes were differentially expressed at both RNAseq and proteomics analyses, with orthologous with roles in cyanide catabolic process (Afu2g17500), fumagillin biosynthesis (Afu8g00370), NADH-quinone oxidoreductase (Afu1g02820), assembly of spore wall (Afu1g17250), enzyme inhibition activity (Afu3g14940), and unknown functions (Afu2g00500). Taken together, these data evidences the complex regulatory effects of PpzA in A. fumigatus.
| PpzA phosphatase is important for SM biosynthesis
Aspergillus fumigatus yields a huge number of SMs that have several functions including their role as virulence factors (Berthier et al., 2013; Bok et al., 2006; Heinekamp et al., 2012; Jahn, Langfelder, Schneider, Schindel, & Brakhage, 2002; Macheleidt et al., 2016; Yin et al., 2013 (Figure 4 ). The ppzA mutant clearly lacked SM production in both iron replete and iron starvation conditions. SM profiling in the presence of iron starvation showed that the ΔppzA mutant had reduced production of fumiquinazoline A, fumagillin, helvolic acid, pyripyropene A (Figure 4a ), and triacetyl-fusarinine C (data not shown). In iron repletion, ΔppzA showed reduced levels of fumiquinazoline A, helvolic acid, and pyripyropene A (Figure 4b ). Interestingly, the complementing strain has increased or comparable SM production than the wild-type strain (Figure 4 ). Taken together, these results clearly demonstrate that phosphatase PpzA plays a role in SM production in A. fumigatus.
| MpkA and SakA activation during iron starvation is not affected by PpzA
The MAP kinase MpkA controls iron adaptation in A. fumigatus and iron starvation activates MAPK through its phosphorylation (Jain et al., 2011 pyripyropene A grown in iron-sufficient MM overnight, and samples were collected before and after iron starvation conditions (10, 30, 60, and 120 min).
In the wild-type strain, the phosphorylation of MpkA initially decreased and subsequently increased after 60 min demonstrating that iron starvation modulates MpkA phosphorylation. The ppzA strain had levels of MpkA phosphorylation similar to the wild type under iron depletion and iron repletion conditions (Figure 5a ). In A. fumigatus, SakA is the most important stress-activated MAPK in hyphal growth (Hagiwara, Suzuki, Kamei, Gonoi, & Kawamoto, 2014) . To determine if ΔppzA was involved in SakA response to iron starvation, the phosphorylation state of SakA was determined. The phosphorylation levels of the SakA protein were determined using the antiphospho-p38
MAPK (Thr180/Tyr182) antibody. In both the wild-type and ΔppzA strains, the SakA phosphorylation levels significantly increase during iron starvation (10, 30, 60, and 120 min). The SakA phosphorylation levels in the wild-type and ppzA mutant were similar in control and after iron starvation (Figure 5b ). These results indicate that A. fumigatus
MpkA and SakA are phosphorylated during iron starvation but this phosphorylation is not significantly affected by PpzA.
| Identification of proteins that interact with PpzA
The above results suggest that PpzA plays an important role in pathways that affect the iron-dependent secondary metabolism network.
To identify PpzA-interacting proteins, we generated a strain in which the ppzA gene was replaced by an allele encoding a TAP-tag epitope fusion protein. This strain showed wild-type growth indicating the functionality of the PpzA-TAP fusion protein ( Figure S4 ). We performed protein pull-down experiments aiming to identify interaction partners of PpzA by mass spectrometry assays. Protein extracts were prepared from wild-type and PpzA::TAP-tag strains under iron-replete (control) and iron starvation conditions (2 and 4 hr). We have compared the proteins immunoprecitated with the PpzA::TAP-tag and wild-type strains and removed the proteins precipitated by the latter because they are potential artefacts (for proteins immunoprecipitated in the wild type, see Table S8 ). The full group of proteins that co-purified with PpzA before and after iron starvation are listed in Table 3 and   Table S9 . These results show that PpzA interacts with at least 54 proteins, of which 31 were detected only after iron starvation and 22 were detected only in control conditions. Only one of these proteins, the regulatory subunit of the protein phosphatase PP1
(Afu1g04800/AFUB_005140), was common to both groups, suggest- stress response as in the regulation of the cell cycle, signal transduction, energy metabolism, and mitochondrial function.
To validate our strategy to identify PpzA-interacting proteins and confirm the biological importance of the observed PpzA interactions, we decided to investigate in more detail the interaction between PpzA and the protein encoded by Afu1g04800/AFUB_005140, here named SdsA because it is the putative Saccharomyces cerevisiae (S. cerevisiae) Sds22p homologue (SDS22 encodes a regulatory subunit of PP1 Glc7p; Identity = 49.2%, similarity = 67.0%; e-value = 4e-73). With heterokaryon rescue assay and subsequent Southern blot analysis, we could show that sdsA is essential for A. fumigatus ( Figure S5 ). We utilised a coimmunoprecipitation (Co-IP) approach introducing a 3xHA tag to the C-terminus of SdsA in the background of the green fluorescent protein (GFP)-tagged PpzA strains. We observed no changes in the phenotypes of these tagged strains compared to the wild type 
| PpzA is important for A. fumigatus virulence in a low-dose murine infection
The virulence of the ΔppzA mutant strain was evaluated in a neutropenic murine model of invasive pulmonary aspergillosis. As shown in Figure 5a , immunocompromised animals infected with wild type resulted in 100% mortality after 12 days postinfection. In contrast, animals infected with ΔppzA mutant showed a reduced mortality rate, to approximately 15%, after 15 days postinfection. The reconstituted strain was generated, and no significant difference was observed in the mortality rate of the animals infected with the wild-type and the complemented ΔppzA::ppzA + strain (Figure 7a ). Fungal burden of the infected lung tissue was measured by qPCR.
We found that ΔppzA strain grows significantly less within the lungs when compared with the wild-type and the complemented strains ( Figure 7b ). Histopathological analysis shows multiple hyphae in the lungs of mice infected with the wild-type strain or reconstituted strain.
In opposition, few hyphae were observed in the lungs of mice infected with ΔppzA (Figure 7c ). Taken together, these results indicate that
PpzA plays an important role in A. fumigatus virulence.
| DISCUSSION
Micronutrient restriction imposed by mammalian hosts during an
infection is a common mechanism of defence to reduce or avoid the pathogen infection. This mechanism has been known as nutritional immunity (Ganz, 2009) . Iron is essential for survival of the organisms due to its involvement in several biological processes. Thus, iron availability during the infection process is related to a pathogen's ability to cause disease and to the host's ability to overcome infection. Much evidence shows that the frequency and the severity of infections caused by different microorganisms, including fungi, bacteria, protozoa, and virus, increase with iron overload in humans (Drakesmith & Prentice, 2008; Khan, Fisher, & Khakoo, 2007) . Facing an iron restriction condition imposed by hosts, pathogens such as fungi have developed high-affinity mechanisms to acquire this micronutrient, because it is fundamental for infection success (Cassat & Skaar, 2013) . Iron uptake for A. fumigatus includes two high-affinity mechanisms: RIA and siderophore-assisted iron uptake (Hortschansky et al., 2007; Schrettl & Haas, 2011; Schrettl et al., 2004) . Although the two main transcription factors involved in iron assimilation, SreA and HapX, Recently, we have characterised several A. fumigatus protein phosphatase null mutants that are associated to iron assimilation because they have reduced growth during iron starvation (Winkelströter et al., 2015) . Among these protein phosphatases, we have identified the gene ppzA that codes for the catalytic subunit of PPZ and it was previously shown to be involved in oxidative stress tolerance (Leiter et al., 2012; Muszkieta et al., 2014) . Here, we investigated the role played by PpzA during iron assimilation by using a combined transcriptomic and proteomic analysis comparing the corresponding wild-type strain with ppzA mutant under iron starvation conditions. We show that A. fumigatus PpzA participates directly or indirectly in posttranslational alterations that influence the response to iron assimilation, affecting not only siderophore production but also the transcription of several genes involved in the biosynthesis of SMs. Our results revealed that
PpzA regulates the expression of many genes involved in oxidationreduction processes. However, our transcriptome analysis cannot explain why PpzA is necessary for adequate responses against oxidative stress. In addition, the proteomic analysis demonstrated that AoxA was increased in ΔppzA under iron starvation. In A. fumigatus, AoxA activity and mRNA expression were both induced in presence of oxidative stress and the strain with aoxA deletion was more exposed to killing by macrophages (Magnani et al., 2008) . However, the alternative oxidase is not necessary for A. fumigatus virulence in an immunosuppressed murine model of infection (Grahl, Dinamarco, Willger, Goldman, & Cramer, 2012) .
A notable result of the RNAseq analysis of ppzA was the detection of differential regulation of genes involved in biosynthesis of some SM gene clusters. It has been demonstrated that both SreA and HapX loss perturbed SM production (Wiemann et al., 2014) . The production of pseurotin A, fumagillin, and terezine D was significantly higher with increasing iron concentrations, suggesting that SreA should trigger activating effects during iron overload conditions (Wiemann et al., 2014) . In support to this hypothesis, the induction of pseurotin A and fumagillin was lost in the ΔsreA mutant. HapX deficiency alters the production of SM mainly under iron-restricting conditions, where
HapX appears to function as a repressor (Wiemann et al., 2014) . SM gene cluster expression is governed by both global and cluster-specific transcriptional regulators, signal transduction pathways, and epigenetic regulation (Macheleidt et al., 2016) . The G protein-coupled receptor signalling pathways have been reported as one of the main signal transduction mechanisms involved in the regulation of secondary metabolism in Aspergilli (Brodhagen & Keller, 2006; Gehrke, Heinekamp, Jacobsen, & Brakhage, 2010; Hicks, Yu, Keller, & Adams, 1997) . Furthermore, MAP kinase pathways and adenylyl cyclase/ cAMP/PKA pathways are downstream effectors of G protein-coupled receptors (Brodhagen & Keller, 2006; Grosse, Heinekamp, Kniemeyer, Gehrke, & Brakhage, 2008) . There are few studies connecting phosphatases to the production of SM in fungi. One study in Fusarium graminearum that reported 11 phosphatase deletion mutants impaired in virulence also showed reduced biosynthesis of the mycotoxin deoxynivalenol (DON; Yun et al., 2015) , an important virulence factor for this species (Ding et al., 2009 ).
The transcriptome data shown here demonstrated that many genes of neosartoricin/fumicycline cluster were upregulated in the ppzA strain. This cluster is responsible for the production of an unusual prenylated polyphenol (fumicycline A) through the meroterpenoid pathway, which is regulated by epigenetic factors and a pathwayspecific activator gene (König et al., 2013) Furthermore, the RNA-seq analysis here showed that the expression of the cytochrome P450 monooxygenase, a gene of the gliotoxin biosynthesis cluster, was increased in ppzA. Gliotoxin belongs to the epipolythiodioxopiperazine class of SM. These natural products present several biological activities, such as antiviral and antifungal properties, as well as exhibiting in vitro and in vivo immunomodulatory activity. Gliotoxin is an important factor for A. fumigatus virulence depending on the host immune status, but it can also inhibit fungal development, as A. fumigatus growth (Carberry et al., 2012; Chotirmall, Mirkovic, Lavelle, & McElvaney, 2014; Scharf et al., 2010) . Previous results showed that ppzA deletion in A. fumigatus led to production of more gliotoxin than the wild-type strain (Winkelströter et al., 2015) . By comparing transcriptomic and proteomic data, it was noted that most differen- size and mean expression observed in ppzA is a general stress response or an effect specifically associated to iron starvation. In addition to the regulatory effects on iron acquisition affected by ppzA deletion, our proteomic data also corroborates that PpzA positively and negatively influences expression of specific A. fumigatus SM gene clusters, including gliotoxin, fumagillin, and pseurotin A. We found that GliT, a gliotoxin oxidoreductase required for gliotoxin biosynthesis, was present at higher levels in the ppzA mutant. Levels of five proteins involved in fumagillin biosynthetic processes and two implicated in pseurotin production were reduced in ΔppzA. Corroborating this finding, HPLC analysis revealed that ppzA deletion in A. fumigatus causes a reduction in the production of fumagillin during iron starvation.
We investigated the influence of PpzA on MpkA and SakA phosphorylation upon iron starvation and oxidative stress. A previous study demonstrated that under iron starvation, A. fumigatus MpkA is activated by phosphorylation; it is localised in the nucleus and regulates the expression of genes involved in siderophore biosynthesis (Jain et al., 2011) . In A. fumigatus, SakA is important for oxidative and osmotic stress as well as cell wall damage and heat shock (Bruder Nascimento et al., 2016) . As shown here, MpkA phosphorylation triggered by iron starvation was not affected by PpzA. Furthermore, we observed that PpzA::GFP localised in the cytoplasm during nonstress conditions and upon iron stresses, it remained in the cytoplasm (data not shown). Interestingly, our results demonstrated for the first time that SakA phosphorylation significantly increases during iron starvation in A. fumigatus wild-type strain. However, the SakA phosphorylation levels in the wild-type and ppzA mutant were similar in control and after iron starvation. These results suggest that
PpzA may be acting downstream of MpkA and SakA upon iron starvation and oxidative stress.
PpzA immunoprecipitation identified 31 proteins that potentially interact with PpzA upon iron starvation. These interactions have to be validated through independent methods because they could be false positives. Some of interaction partners possibly are directly related to PpzA functions, whereas other proteins can be involved in some types of stress response, including regulation of the cell cycle, signal transduction, energy metabolism, and mitochondrial function.
The proteins that could be directly associated to PpzA function include
MpkA and the protein phosphatase type 1 activator (SdsA). We demonstrated by reciprocal Co-IP that PpzA and SdsA are interacting.
Because MpkA phosphorylation was not affected by the absence of ppzA, it is likely that PpzA and MpkA could participate in a complex including other proteins that might redundantly regulate the MpkA activation during iron starvation. Because the ortholog of Afu1g04800
in Saccharomyces cerevisiae has protein phosphatase type 1 activator function (Bharucha et al., 2008; Hisamoto et al., 1995; MacKelvie, Andrews, Stark, et al., 1995; Pedelini et al., 2007) and Afu1g04800 interacts with PpzA, it is possible that this protein is the regulatory subunit of PpzA. In view of the fact that sdsA is an essential gene, it is possible that SdsA is also regulating other protein phosphatases.
In this work, we demonstrated that the PpzA was important for A. fumigatus virulence in a low-dose murine infection model. Similarly, a previous study reported that the ppzA mutant showed a defect in virulence in an experimental model of corneal infection in immunocompetent animals (Muszkieta et al., 2014) . In Candida albicans, the lack of PPZ1 causes impaired virulence in a mouse virulence model (Adám et al., 2012) . However, in Fusarium graminearum, the deletion of PPZ1 did not affect the organism virulence (Yun et al., 2015) . Phagocytes produce reactive oxygen species, which is involved in the killing of A. fumigatus. However, none of the mutants that display a reactive oxygen species sensitivity defect consecutive to the deletion of superoxide dismutase, catalase, or the transcription factors Yap1 and Skn7 showed difference in virulence compared to wild-type strain in experimental murine aspergillosis models in immunocompromised animals (Lamarre, Ibrahim-Granet, Du, Calderone, & Latge, 2007; Lambou, Lamarre, Beau, Dufour, & Latge, 2010; Lessing et al., 2007; Paris et al., 2003) . These observations suggest that the virulence defect of the ppzA mutant could not be solely due to its oxidative stress sensitivity. We showed that the ppzA mutant clearly has a lack of SM production in iron replete and iron starvation conditions. SMs play crucial roles as virulence factors during plants and animals infections (Scharf, Heinekamp, & Brakhage, 2014) . Thus, our results suggest that PpzA is important for the fungal virulence probably through multiple mechanisms, such as low tolerance to oxidative stress and iron starvation, and the regulation of SM production.
Taken together, we show that, in A. fumigatus, PpzA is involved in regulation of genes ranging from those encoding transporters, oxidoreductases, and transcription factors, as well as genes involved in All efforts were made to minimise suffering. Animals were clinically monitored at least twice daily and humanely sacrificed if moribund (defined by lethargy, dyspnoea, hypothermia, and weight loss). All stressed animals were sacrificed by cervical dislocation.
| Strains, media, and growth conditions
The A. fumigatus parental strain used in this study was CEA17 (pyrG + ) 
| Construction of the A. fumigatus mutants
The A. fumigatus phosphatase mutant ppzA was constructed by Winkelströter et al. (2015) . The single gene deletion of the ppzA was complemented by co-transforming a DNA fragment (approximately 1 kb from each 5′-and 3′-flanking regions plus the ORF) together with the pHATα (Herrera-Estrella, Goldman, & Van Montagu, 1990 ) and selecting for hygromycin resistance in MM plates with 250 mg/ml of hygromycin B. PCR was used to confirm the reconstituted strain. The cassette for sdsA deletion was constructed by in vivo recombination in S. cerevisiae as previously described by Colot et al. (2006) . Thus, approximately 2.0 kb from the 5′-UTR and 3′-UTR flanking region of the targeted ORF regions was selected for primer design. The primers 5F (sdsA pRS426 5fw) and 3R (sdsA pRS426 3rv) contained a short homologous sequence to the MCS of the plasmid pRS426. Both the 5-and 3-UTR fragments were PCR amplified from A. fumigatus genomic DNA (gDNA). The pyrG gene placed within the cassette as a prototrophic marker was amplified from pCDA21 plasmid. The deletion cassette was generated by transforming each fragment along with the plasmid pRS426 cut with BamHI/EcoRI into the S. cerevisiae strain SC94721 using the lithium acetate method (Schiestl & Gietz, 1989) . The DNA from the transformants was extracted by the method described by Goldman et al. (2003) . The cassette was PCR amplified from these plasmids utilising TaKaRa Ex Taq™ DNA Polymerase (Clontech Takara Bio) and used for A. fumigatus transformation.
Southern blot analysis demonstrated that the transformation cassette had integrated homologously at the targeted loci ( Figure S4 ). To generate the PpzA::GFP strain, the ppzA ORF was cloned in frame with the GFP gene. The construct links GFP to the C-terminus of PpzA and is separated by four additional codons that, after translation, produce a four-amino-acid linker (glycine-threonine-arginine-glycine; Teepe, Loprete, He, Hoggard, & Hill, 2007) . The S. cerevisiae in vivo recombination system was used for production of the transformation cassette. The PCR-amplified cassette was transformed into the A. fumigatus wild-type strain. PCR was used to confirm the mutant strain ( Figure   S5 ). To generate the sdsA::3xHA::pyrG fusion fragment, a 1.6-Kb portion of DNA consisting of the sdsA ORF and 5′ UTR region, along with a 1-Kb segment of DNA consisting of the 3′ UTR flanking region were amplified with primers sdsA pRS426 5fw(3xHA)/sdsA orf LINKER 3HA rv and sdsA 3utr pyrG 3fw/sdsA pRS426 3rv, respectively, from CEA17 gDNA. The 2.7-kb 3xHA::pyrG fusion was amplified with primers OZG916/OZG964 from the pOB430 plasmid. The cassette was generated by transforming each fragment along with the plasmid pRS426 cut with BamHI/EcoRI into the S. cerevisiae strain. This cassete was then transformed into the CEA17 strain and verification of SdsA tagging was confirmed via PCR reaction ( Figure S6 ). The primers used above are described in Table S10 .
| RNA extraction and real-time PCR reactions
Posttreatment, mycelia were harvested by filtration, washed twice with H 2 O, and immediately frozen in liquid nitrogen. For total RNA isolation, mycelia were ground in liquid nitrogen. Total RNA was extracted using Trizol (Invitrogen). The integrity of the RNA isolated from each treatment was analysed using the Agilent 2100 Bioanalyzer system. For real-time PCR experiments, RNase free DNase I treatment was carried out as previously described by Semighini, Marins, Goldman, and Goldman (2002) . RNASeq data (see below) was exploited to select genes for normalisation of the qPCR data, applying the method of Yim et al. (2015) . Table S10 .
| RNA sequencing
Wild-type (CEA17) and ΔppzA (5 × 10 6 spores) were inoculated in MM for 24 hr at 37°C and transferred to AMM Mycelia were harvested, frozen in liquid nitrogen, and ground by mortar and pestle for total RNA isolation. Total RNA was extracted using Trizol (Invitrogen), treated with RNase-free DNase I (Fermentas), and purified using an RNAeasy Kit (Qiagen) according to the manufacturer's instructions. The RNA from each treatment was quantified using a NanoDrop and Qubit fluorometer and analysed using an Agilent 2100 Bioanalyzer system to assess the integrity of the RNA. RNA integrity number (RIN) was calculated; RNA samples had an RIN = 9.0-9.5.
Illumina TruSeq Stranded mRNA Sample Preparation kit was used.
Briefly, polyA containing mRNA molecules were selected using polyT oligo-attached magnetic beads. Fragmentation and library preparation were done using divalent cations and thermal fragmentation. First strand cDNA synthesis was performed using reverse transcriptase (Superscript II) and random primers. This was followed by second strand cDNA synthesis using DNA Polymerase I and RNase H and dUTP in place of dTTP. AMPure XP beads were used to separate the dscDNA from the second strand. At the end of this process, bluntended cDNA was obtained to which a single "A" nucleotide was added at the 3′ end to prevent them from ligating to one another during the adapter ligation reaction. A corresponding single "T" nucleotide on the 3′ end of the adapter provided a complementary overhang for ligating the adapter to the fragment. The products were then purified and enriched using a PCR to selectively enrich those DNA fragments that have adapter molecules on both ends and to amplify the amount of DNA in the library. The PCR was performed with a PCR Primer
Cocktail from the Illumina kit that anneals to the ends of the adapters.
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar, Domrachev, & Lash, 2002) 
| LC-MS qualitative SM analysis
Wild-type (CEA17), ΔppzA, and the complemented strains (5 × 10 were harvested with Miracloth, dried between tissue, and snap-frozen in liquid nitrogen. The culture supernatants were also collected. The mycelia were ground in liquid nitrogen and suspended in lysis buffer (100 mM Tris-HCl, 50 mM NaCl, 20 mM EDTA, 10% (v/v) glycerol, 1 mM PMSF, 1 μg/ml pepstatin A pH 7.5). The mycelia were lysed using the sonication probe and clarified by centrifugation. The resulting clarified lysates were precipitated using TCA/acetone and resuspended in 8 M urea. Samples were reduced (DTT) and alkylated (IAA) prior to digestion with sequencing grade trypsin combined with ProteaseMax surfactant. Samples were acidified following overnight digestion, and the peptide samples were cleaned using C18 spin columns. The resultant peptide samples were analysed on a Q-Exactive mass spectrometer coupled to a DionexRSLCnano. The gradient ran from 4% to 35% B over 120 min, and data were collected using a Top15 method for MS/MS scans. Data analysis was performed using MaxQuant software, with Andromeda used for database searching and Perseus used to organise the data (Dolan et al., 2014; Owens et al., 2015) .
| Immunoblot analysis
To assess the phosphorylation status of MpkA and SakA 4.10 | Co-IP with GFP-trap and anti-HA magnetic beads
To perform Co-IP assays, C-terminal HA-tagged SdsA strain was generated in the PpzA::GFP background. GFP-Trap Co-IP experiments were performed in the same way as the previously described GFP-Trap immunoprecipitation experiments (Ries, Beattie, Espeso, Cramer, & Goldman, 2016) . To perform reciprocal Co-IP assays, C-terminal HA-tagged SdsA strain was used. Briefly, mycelia were frozen with liquid nitrogen and ground, and 500 mg was resuspended in 1 ml of B250 buffer (Bayram et al., 2012) . Samples were centrifuged at maximum speed for 10 min at 4°C. Supernatant was removed, and a Bradfordassay (BioRad) was carried out to measure protein content. Conidial suspensions were spun for 5 min at 3,000×g, washed three times with PBS, counted using a haemocytometer, and resuspended at a concentration of 5.0 × 10 6 conidia/ml. The viability of the admin- Fungal burden was determined as the ratio between picograms of fungal and micrograms of mouse DNA.
For the histopathology, the animals were also sacrificed 72 hr postinfection; the lungs were removed and fixed for 24 hr in 3.7% formaldehyde-PBS. Samples were washed several times in 70% alcohol before dehydration in a series of alcohol solutions of increasing concentrations.
Finally, the samples were diafanized in xylol and embedded in paraffin.
For each sample, sequential 5-μm-thick sections were collected on glass slides and stained with Gomori methenamine silver (GMS) or haematoxylin and eosin (HE) stain following standard protocols. Briefly, sections were deparaffinised, oxidised with 4% chromic acid, stained with methenamine silver solution, and counterstained with picric acid.
For HE staining, sections were deparaffinised and stained first with haematoxylin and then with eosin. All stained slides were immediately washed, preserved with mounting medium, and sealed with a coverslip.
Microscopic analyses were done using an Axioplan 2 imaging microscope (Zeiss) at the stated magnifications under bright-field conditions.
